Abstract: With ECG imaging it is possible to reconstruct cardiac electrical activity noninvasively from measurements of the electrocardiogram (ECG). To facilitate the reconstruction, an MRI-or CT-based model of the body is required, which is represented as a volume conductor. A mathematically ill-posed problem is solved to reconstruct the cardiac sources from potentials collected on the body surface. To obtain a body surface potential map (BSPM) electrodes are ideally placed allover the entire thorax. In practical applications, however, the number of electrodes is limited and the placing is subject to constraints. We investigate the effect of different electrode setups on the illposedness of the inverse problem. In particular, electrode setups are chosen to comply with constraints for female patients in the catheter lab.
Introduction
We explore ECG imaging as a method to reconstruct cardiac transmembrane voltages (TMVs) noninvasively from BSPMs [1] , with the specific application scenario being the localization, characterization and monitoring of ectopic foci. The imaging of premature ventricular contraction (PVC) has previously been investigated clinically in terms of activation times [2] and epicardial potentials [3] . For ECG imaging BSPMs need to be recorded as an input to the inverse problem algorithm that reconstructs the TMVs in the ventricular myocardium. For a clinical validation study, intracardial signals were recorded simultaneously with the BSPM in a catheter lab.
Methods
While ideally, the BSPM would be acquired on the entire thorax, the following constraints applied in the study:
• Limited number of electrodes: BSPM signals were acquired with an 80-channel ECG device by BioSemi B.V. Electrodes are arranged in 4 strips of 12 active electrodes each plus 4 strips of 8 active electrodes each.
• Requirement to leave space for standard ECG leads: In the clinical setting, standard Einthoven and Wilson leads had to be derived for patient monitoring.
Space for the related electrode patches is required below and around the left breast.
• Limited flexibility of electrode strips: Electrode strips cannot always contact the skin with all their electrodes. For female cases, it is assumed that the two electrodes below the breasts are out of touch for vertical placement of the strips. Also, it is assumed that electrodes have bad contact with the skin in the areas above the sternal notch and clavicle.
• Limited access to the sides: Access to the sides of the thorax is limited due to the arms, which are not represented in the model of Fig. 1 . Also, in general the breasts and the Wilson leads contribute to a limited access to the upper sides.
• Inaccuracy of the model: For ECG imaging, the model of the thorax is obtained from pre-interventional imaging. During the intervention, the patient is placed in exactly the same manner and coregistration is performed to map the electrodes on the pre-interventional model. To reduce the modeling error, electrodes are preferably applied on the upper breasts and over the thorax center. A placement of electrodes in peripheral areas is avoided since the geometrical shape is less reproducible here and the model has greater uncertainty.
• Access to electrodes for localization: It is assumed that electrodes are localized using a camera system that needs visual access to the area of interest. Electrodes can therefore not be placed on the back of the patient.
• Limited representation of the lower body: As models are obtained from thorax scans that are acquired during breathhold, imaging time is limited, and therefore also the imaged thorax volume. For most patients, models end above the navel, and electrodes placed below cannot be considered.
Given the requirements, the following three electrode setups are tested on an MRI-based dataset of a female patient against an ideal setup of 160 equally spaced electrodes (FULL160) (see Fig. 1 ):
• VERT: Electrodes are placed vertically, accepting that for most female patients two electrodes are lost in each strip right below the breasts. The more dense 12-lead strips are placed over the heart, two 8-lead strips are placed on the right half of the thorax, two are placed on the left and right sides of the thorax, with three electrodes lost due to the model being cut off at the navel. Altogether, 11 out of 80 channels are lost.
• HORstomach: Electrodes are placed horizontally, accepting that a placement on the lowest part of the breasts must be avoided. The 12-lead strips are placed in the upper part of the body, which is assumed to provide the most signal information, with 2 electrodes of each strip being lost since the strips are too inflexible to extend to the sides of the body. This is easier on the stomach, where the 8-lead strips also sample signals from the sides. 8 of the 80 channels are lost.
• HORsides: Electrodes are placed as in the HORstomach setup, with the difference being that two 8-lead channels are placed on the sides of the thorax as in the VERT case. 14 of the 80 channels are lost.
For each setup, the singular value decomposition of a lead field matrix A is computed, which represents how single point TMV sources x in the heart are mapped onto the thorax as BSPM b, and the singular values σ i in S are plotted.
Results
Singular values for the VERT setup decay slowest among the realistic setups (Fig. 2) . The HORstomach and HORsides setups show a decay that is significantly stronger, with that of HORsides again cutting off significantly earlier.
Discussion
Given the constraints assumed in this study, the VERT setup yields the greatest singular values, which means the inverse problem in ECG imaging is least ill-posed. For best results, this setup should be preferred among the realistic setups. Compared to the ideal case FULL160, the VERT setup misses singular values from index 55 on. These are all at or below a 10 −6 order of magnitude. Taking into account that σ 0 ≈ 10 −1 these signals can only be identified for a signal-to-noise ratio (SNR) of better than 100 dB. Since this ratio is unrealistically good for a clinical environment, it can be concluded that the VERT setup is sufficient to reconstruct all cardiac sources with the same accuracy that would be achieved using the ideal 160-electrodes setup given a specific SNR. Still, there are advantages using the full setup. Given the SNR is worse than 100 dB, even if the singular vectors from index 55 on cannot be measured, it is then more likely that those singular vectors with lower index have components that are statistically dependent. Even if the individual channels' SNR is the same, the inverse solution with the FULL160 setup is potentially more stable.
